This study describes the effects of ceria (CeO 2 ) and dolomite [CaMg(CO 3 ) 2 ] additives on the pyrolysis behavior and fire resistive property of conventional intumescent flame retardant (IFR) coating system for I-beam steel substrate called ammonium polyphosphate-melamine-expandable graphite (APP-MEL-EG) system. The fire resistance of various formulations was evaluated using the standard vertical Bunsen burner fire test. Thermogravimetric analysis (TGA) was used to understand the degradation of coating formulations. Observations by scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) demonstrated that significant amounts of additives favored the formation of homogeneous compacted char structures, which were predominantly composed of carbon (C), phosphorus (P) and oxygen (O). These three main components of the char were also found to be in various binding combinations with other lighter elements like nitrogen (N) and hydrogen (H) as illustrated by the attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy results. X-ray photoelectron spectroscopy (XPS) further suggest that polyethylene([(CH 2 -C 2 H 2 -CH 2 ) nÀ ]) free radicals were abundant on the char surface for the two best formulations and the binding energy of this radical promoted the formation of aromatic carbon chains that enhanced the char's thermal stability. This means that the selection of appropriate additives and combinations of flame-retardant ingredients could significantly change the morphology of the char layer and improve its thermal stability during fire exposure.
Introduction
Technological advancements are the defining factors of industrialized countries along with the upgrade from cement-based to steel-based infrastructures. This innovation in construction also required an update on legislation and building safety regulations to ensure personnel and structural safety because steel loses its structural stability after prolonged exposure to temperatures exceeding 500 C (e.g., fire incidents) (Camino et al., 1989; Feng et al., 2016; Gillani et al., 2016; Horacek and Pieh, 2000; Le Bras et al., 1998) . To resolve this issue, researchers have developed intumescent coating-fire retardant materials-that protect and maintain the structural integrity of steel infrastructures during fire incidents (Feng et al., 2016; Wang et al., 2006; Xu et al., 2019; Yan et al., 2018) . Figure 1 shows a schematic diagram of how conventional intumescent coatings are activated via pyrolysis to protect steel substrates. In the event of a fire, intumescent coatings swell and produce a char which serves as a protective barrier to suppress heat penetration and prolong the failure of steel substrates (Camino et al., 1989; Jimenez et al., 2006; Le Bras et al., 1998; Zoleta et al., 2019) .
In recent years, researchers have used several additives to improve the fire-protective performance of intumescent coating for steel substrates. Feng et al. (2016) , for example, used ceria (CeO 2 ) as a catalyst on an intumescent fire-retardant (IFR) system using polypropylene as the carbon source and found that the resulting coating produced an effective char as early as 5 min after fire introduction but became unstable at temperatures higher than 250 C. Similarly, Gillani et al. (2016) used dolomite [CaMg(CO 3 ) 2 ] as an additive on an IFR system using expandable graphite as the carbon source and showed that the resulting char had a more homogenous and compacted morphology that most likely stabilized char formation, which minimized the formation of holes and fractures that limited heat penetration.
In this study, a novel and more effective IFR coating using inorganic additives is proposed and its thermal protection performance on an Ibeam steel substrate was evaluated. Ceria and dolomite were selected because the former is a known waste from glassmaking industries while the latter is ubiquitous in limestone quarries (Eang et al., 2018a, b) , sediments (Huyen et al., 2019a, b; Mar et al., 2013) , waste rocks (Tabelin et al., 2012a, b; , 2017a and tailings of many gold mines (Aseniero et al., 2019; Opiso et al., 2018; Park et al., 2019) . In addition to their beneficial use in the construction industry, finding value in these waste materials would also be good to the environment as a result of waste reduction for disposal from the glassmaking and mining industries. Table 1 and Figure 2 summarize the formulations of different IFR samples and experimental design used in this study, respectively. The composition of each sample used in this study was optimized in the previous research of the authors (Zoleta et al., 2019) . APP-EG-MEL IFR system consisting of ammonium polyphosphate (APP, average polymerization degree n > 1000, CAS No. 68333-79) as the acid source, expandable graphite (CAS No. 808067) as the carbon source and melamine (CAS No. 108-78-1) as the blowing agent were provided by Merteflor Enterprises while the fillers dolomite (99.99%, CAS No.16389-88-1) and ceria (CeO 2 ) (99.99%, CAS No. 1306-38-3) were purchased from Sigma Aldrich Singapore. The preparation of APP-EG-MEL (IFR system) with the addition of ceria and dolomite was based on the procedure of Gillani et al. (2016) , which was modified and optimized in the previous research of the authors (Zoleta et al., 2019) .
Material and methods

Materials and reagents
Fire protection test
The UL-94 vertical tests (bunsen burner fire test) were performed using a conventional methane-butane Bunsen with sample dimensions of 125 mm Â 12.5 mm Â 3.2 mm for 100 min. Thermocouples were attached at the back of the steel substrate and changes in temperature were recorded with time as discussed in the previous study of the authors.
Characterization and measurement
The morphology of char residues obtained after 100 min of fire exposure was examined by scanning electron microscopy with energydispersive X-ray spectroscopy (SEM-EDX) (Superscan SSX-550, Shimadzu Corporation, Japan). The machine was operated at an accelerating voltage of 15 kV, 1000x magnification and a working distance (WD) of 10 mm. The elemental maps were taken at 2,000 cps with 60 min time constant and high pixel resolutions of 256 Â 256 (~60-minute scans).
A thermogravimetry-differential thermal analyzer (TG-DTA) (DTG-60H, Shimadzu Corporation, Japan) was used for the thermal gravimetric analysis (TGA) at a heating rate of 10 C/min under air atmosphere with a flow rate of 40 ml/min using an alumina (Al 2 O 3 ) crucible. Twelve milligrams (12 mg) of dried IFR coating samples were examined from 25 to 1000 C according to ASTM E1131. All thermal degradation data was obtained from the TGA curves.
The char residue was also examined using an attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) (FT/IR-6200 HFV and ATR Pro One attachment equipped with a diamond prism, Jasco Analytical Instruments, Japan). Fourier transform infrared (FTIR) spectroscopic techniques like ATR-FTIR and diffuse reflectance Fourier transform spectroscopy (DRIFTS) have been shown by many authors to be sensitive and reliable in identifying molecular coordination of ions and molecules in the structure of minerals (Jeon et al., 2020; Li et al., 2019a; Park et al., 2018a, b; Tabelin et al., 2017b, c) and organic molecules (Li et al., 2019b; Jeon et al., 2018) . The permanent optical alignment was guaranteed by corner cube (retro-reflective) mirrors with auto-alignment for maximum energy. With a resolution of 0.7 cm À1 and an S/N greater than 25,000:1. The detector records the attenuated IR beam as an interferogram signal to generate an IR spectrum in the range of 400-4000 cm À1 . The FTIR spectrum was deconvoluted by Gaussian fitting using Fityk software version 0.9.8 (Wojdyr, 2010 ). X-ray photoelectron spectroscopic (XPS) analysis of the char residue was conducted using a JEOL JPS-9200 spectrometer (JEOL Ltd., Japan) equipped with a monochromatized Al Kα X-ray source operating at 100 W under ultrahigh vacuum (about 10 À7 Pa). A narrow scan spectrum of oxygen (O1 S ) and carbon (C1 S ) were obtained and corrected using the binding energy of adventitious carbon (285.0 EV). All XPS spectra were deconvoluted with XPSPEAK version 4.1 using a true Shirley background and a 20-80% Lorentzian-Gaussian peak model (Shirley, 1972; Tabelin et al., 2019) .
Results and discussion
Thermal properties of CeO 2 -dolomite intumescent fire-retardant coatings. Table 2 summarizes the TGA data of the different IFR samples. It was observed that Samples C and F had the lowest percentage weight loss of about 82 and 81%, respectively compared with the 'Control' (i.e., sample without ceria and dolomite). Figure 3 shows the TGA curves of selected IFR coating formulations. The residual weight of the char decreased with the addition of inorganic additives at 100 C. The residual weight reduction in all ceria-dolomite IFR coatings was nominal below 150 C, which could be attributed to the release of residual water primarily via dehydration of boric acid (Feng et al., 2016; Mohamad et al., 2013; Ullah and Ahmad, 2012 with hydroxyl groups present in the IFR coating creating a network chain through dehydration. Melamine releases ammonia (NH 3 ) gas above 250 C that expands the char framework making it more compact but spongy.
It was observed that the addition of ceria and dolomite improved the expansion of char residues at higher temperatures. It is important to note that fire resistance imparted the protective char layer mainly depends on its morphological structure. In order to define the roles of ceria and dolomite in the formation of char layer structure on intumescent phenomenon, residual chars of the different intumescent Figure 4 displays the surface morphology of Control, Sample C and Sample F at 1000x magnification. Char of the Control (Figure 4a ) did not exhibit any regular or homogeneous structure while those of Sample C and F had homogenous, continuous and dense char structures as illustrated in Figure 4b and c, respectively. It was observed that the outer surface of char from the Control had numerous holes and cracks, which could cause failure in heat shielding. In comparison, chars of Samples C and F had a more 'compact' and 'uniform' morphology with very little holes and cracks. It is also interesting to note that the additives, particularly dolomite, were detected on the char surface using SEM-EDX elemental mapping. This more compact and uniform char offered better protection that insulated the steel substrate from outside heat. The multiporous char layer could hinder heat transfer from the fire to the steel substrate and protect steel structures (Figure 4b and c) . This means that a compact and solid char structure can increase the heat-insulating properties of IFR coating.
In order to understand the crosslinking of phosphorus (P) and oxygen (O) in the chars, ATR-FTIR was conducted. Figure 5 shows the ATR-FTIR spectra of the different IFR coating formulations. The IR spectra exhibited strong absorption peaks assigned to C-O, N-H, O-H, O-H, B-O-P, P-O-P and C-N crosslinking (Camino et al., 1978; Duquesne et al., 2013; Müller et al., 2016; Yew et al., 2015) . Negligible crosslinking of C-O was observed at wavelengths ranging from 3500 to 3800 cm À1 in all formulations as shown in Figure 5c . Moreover, all IFR samples have similar IR absorption patterns; that is, the characteristic absorption bands of the original polymer were detected (amine (N-H) at 1645 cm À1 , O-H at 3080 to 3300 cm À1 , C-H at 2850 to 2930 cm À1 and 1465 cm À1 ). However, the strong intensities of O-H (3300-3300 cm À1 ) attributed to water (H 2 O) were undeniably noticeable in all formulations, such that, Tables 3  and 4 give its suggested abundance [11] [12] [13] [14] [15] . The relative abundance of water (H 2 O) dramatically decreased after the addition of ceria, which suggests that it catalyzed and fastened the release of water from boric acid. This deduction is in good agreement with the TGA results, which showed that at around 130 C, Samples C and F had lost more mass due to the release of water. Also, the release of water can be attributed to the favorable formation of more P-O radicals on the surface of the char, as it was relatively abundant in the SEM-EDS results shown in Figure 4 (see Table 5 ). Surface characterization of the char layer from the IFR samples treated with standard vertical Bunsen burner fire test after 100 min was carried out by XPS and narrow scans for carbon (C 1 s) and oxygen (O 1 s) are presented in Figures 6 and 7 , respectively. Figure 6 shows the deconvoluted C 1 s peak of char layers of Control, Sample C and Sample F. The deconvoluted peak centered at 284.8 eV is assigned to -CH-CHor C-C or C-O while at 286.1eV is attributed to C-O, C¼O. Meanwhile, the deconvoluted peaks at 288.1 eV are related to the binding energies of C-O, C¼C, C¼O or C-C groups (Gillani et al., 2016) . Compared with the Control, it is noted that more C-O from polyethylene structures were formed in Samples C and F, which indicates that more crosslinking structure containing C¼O were formed, strengthening the barrier effect of char layer and suppressing further oxidation of the underlying materials (Gillani et al., 2016) . Figure 7 presents deconvoluted O 1 s peaks of the char layers for the Control, Sample C and Sample F. The peak at 531.5 eV is assigned to single binding (O) in hydrogen or carbonyl groups, -CH-CHor C-C or C-O [3, 16] . Also, the deconvoluted peak centered at 533.9 eV is attributed to O in C-C or C-O groups. Finally, the peak centered at 535.7 eV is assigned to O¼O, C-O, C¼O, and O-O of polyethylene (Gillani et al., 2016) . As shown in Table 6 , the chars formed by Samples C and F had more C-O species with binding energy at 533 eV. These results suggest that ceria incorporation into IFR promoted the formation of more crosslinking structures containing O, which agreed well with the C 1 s XPS spectra. This ceria-catalyzed crosslinking reaction generated a substituted cyclohexane derivative of polyethylene, which was formed via organic chemical reactions between a conjugated '-diene' and a substituted alkene that agreed well with the ATR-FTIR results.
Conclusions
Thermogravimetric analysis (TGA) revealed that the addition of ceria and dolomite significantly improved the fire protection performance of IFR coating by increasing the quantity of residual weight left after thermal degradation. SEM-EDX photomicrographs also revealed the formation of a dense and compact char layer containing uniformly dispersed dolomite particles. It is proposed that dolomite improved the fire resistance of IFR coating due to its structural orientation and inherent refractory property. Furthermore, ATR-FTIR results suggest that ceria reinforced the strength of char during the fire test by not only catalyzing the release of water but also promoting the formation of P-O radicals. The study revealed that the ceria and dolomite addition to conventional APP-MEL-EG intumescent coating system significantly improved its thermal and fire-resistive properties during pyrolysis.
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